Background: Radiochromic gel is recently introduced as a three dimensional dosimeter that exhibits color changes by being exposed to ionizing radiation. Therefore, the read-out system of this dosimeter should be based on radiochromic response.
Background
International atomic energy agency (IAEA) safety standards recommends being equipped with a qualified dosimeter in terms of water equivalency, no-energy dependence, low fading, high sensitivity, providing three dimensional dose information and also high spatial resolution when working with ionizing radiations (1) .
Recently, a novel transparent polymer, known as radiochromic gel has been introduced for three dimensional dose measurements. This gel is a polyurethane material doped with leuco dyes that exhibits a radiochromic response when exposed to ionizing radiation. The relationship between dose and optical changes of the gel is demonstrated as linear (2) . Therefore, this dosimeter needs a readout system based on color changes.
Objectives
The aim of this study was to introduce a novel design of the optical computed tomography (OCT) machine for imaging the dose distribution of ionizing radiation exposed to water equivalent radiochromic gel dosimeter by using the Radon transform image reconstruction technique.
Materials and Methods

Radiochromic Gel Fabrication
At onset of the study, the water equivalent radiochromic gel dosimeter was fabricated. The procedure consisted of mixing CCl4 (Merck, Keinlworth, United States) and leuco-malachite green (LMG) (Sigma Aldrich, St Louis, MO, United States). Then a polyurethane resin (Crystal Clear 2006, Smooth-On, Easton, PA, USA) which was supplied in two parts (part A and part B) were mixed together by ratio of 100 to 90 to afford optically clear polyurethane resins that form the matrix of the radiochromic gel dosimeter. The solutions prepared were combined together and thoroughly mixed. Then the prepared mixture was poured into polyspectrophotometer cuvettes and cylindrical plastic containers. The filled cuvettes and containers were kept in a pressure pot (60 psi) for 5 days to minimize out gassing (3). Table 1 shows the percentage composition of the prepared radiochromic gel. By using mayneord formula (4) and considering the elemental compositions of radiochromic gel, the effective atomic number of the fabricated dosimeter would be 7.8 which is almost water equivalent. 
Absorption Spectrum
The maximum absorptions of cuvettes were determined using UV-Vis spectrophotometer (Varian, Palo Alto, California, USA).
Calibration
The next step was calibration of the dosimeters against various dose levels. Varian Clinac 2100c linear accelerator was used for calibration. Various levels of absorbed doses were delivered to cuvettes. For each dose step, three cuvettes were used. All samples were kept in a dark and cold environment to prevent any accidental absorption changes and 48 hours after irradiation, again by using UVVis spectrophotometer, the maximum absorption of each cuvette was obtained. In order to ensure that the changes in light absorbance versus radiation dose are only due to the radiation doses absorbed by the dosimeter, the absorption values were obtained by subtracting the relevant values of pre-irradiation absorbance from that of the irradiated cuvettes (5) . Therefore, the dose response changes and post-irradiation are solely due to the absorbed radiation doses. Finally, a calibration curve, which is the variations of optical density changes against absorbed doses, was plotted.
Irradiating Cylindrical Radiochromic Gel Dosimeter
After calibration and obtaining the optical density changes corresponding to each step of the absorbed dose, the irradiation of cylindrical radiochromic gel dosimeter was performed. In this section, the radiochromic gel was placed in a water phantom to prepare the electronic equilibrium condition and irradiated by three radiation fields, depicted schematically in Figure 1 . 
Designing Novel Optical Computed Tomography
Initially, absorption of the radiochromic gel against various wavelengths was needed. Wavelength of the light in which maximum absorption of radiochromic gel occurred proposed the emitting light source of the novel OCT. Since maximum absorption of this gel appears at 633 nm, which is related to red color, a 3 Watt (W) red light-emitting diode (LED) was selected as the light source. Therefore, the principle idea of this novel OCT was to measure the absorbance of the LED light that passed through the whole cylindrical radiochromic gel. The amount of absorption corresponded to the absorbed dose. In order to obtain accurate results, some other accessories were needed that are described as follows.
For such set-up, it was mandatory to make sure that all parts of the cylindrical radiochromic gel received the light of LED. Therefore, the LED was followed by a lens as optical diffuser.
Then, the cylindrical radiochromic gel was placed in a flat optical glass known as aquarium containing a matching liquid in terms of refractive index (methyl salicylate) and pinned to the step motor, providing rotation of radiochromic gel with 1.8°intervals. Light emitted from the LED was collimated to a parallel beam of diameter 25 cm by the initial lens followed by the light source. The beam was then transmitted through the radiochromic gel, remained parallel due to existence of the matching fluid. Then a telecentric lens (TC-23-240, Opto Engineering, Italy) collected light representing attenuation line integrals onto a 12-bit charge-coupled device (CCD) array of 1040 × 1392 (a102f, Basler, Germany) while it rejected most of the scattered light that originated within the sample as the lens had a manufacturer specified acceptance angle less than 0.1.
In fact, telecentric optics provides a means to acquire orthographic projections; all projection lines are approxi-2
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mately parallel to the optical axis, creating an ideal for parallel geometry computed tomography. To acquire a complete scan, projections are acquired at multiple angles as the radiochromic gel is rotated around 360°(by the step motor).
Dose Distribution
In order to obtain dose distribution, multiple light beam images were taken from different directions while rotating the gel around 360. The optical data were then fed into a tomographic reconstruction algorithm and processed by a computer. The deduction of the radiochromic gel structure from incident beam was done using a technique first obtained in 1917 by Johann Radon who was studying mathematical properties of X-ray in the tissue which is now known as Radon transform. Radon transform is an integral transform which is an extension of Beer Lambert's law whose inverse is used to reconstruct images from OCT scans. Then, conversion of optical density changes to absorbed dose is achieved through the calibration curve.
Testing the Accuracy of the Results
In order to verify the accuracy of the results of novel OCT, a validation test was done using a pinpoint ion chamber with an effective volume of 0.015 cc (PTW, Freiburg, Germany) and the results were then compared to those of novel OCT. In this section, the percentage depth dose and beam profile of a 3 × 3 cm 2 field size irradiating by 6MV photon beams were obtained by ion chamber. Then a cylindrical sample of radiochromic gel with 10 cm diameter was selected and irradiated to extract the percentage depth dose and beam profile.
Results
Absorption spectrum of the radiochromic gel dosimeter is shown in Figure 2 . Absorption was maximum at the red region of the spectrum (633 nm), which is typical visible absorption of the oxidized form of LMG and it is in good agreement with previously published results (3, 6). Moreover, the maximum absorption wavelength is almost equal to the wavelength of LED (633 nm), which is selected as the emitting light source of the novel OCT.
The measured absorbance changes at the wavelength of 633 nm versus radiation doses (the calibration curve) are displayed in Figure 3 . As shown in Figure 3 , a very good correlation coefficient linearity (R 2 > 0.99) was observed for the dose response of radiochromic gel. By setting and arranging the previously explained accessories, the novel OCT, which is shown in Figure 4 , was designed. As explained in methodology, the results of the 400 500 600 700 800 Wavelength, nm OCT, optical computed tomography. 
Discussion
The maximum absorption wavelength of radiochromic gel is obtained about 633 nm, which is completely consistent with previous studies (3, 6) . This wavelength was the principle idea of designing a machine to extract the optical density changes occurred by means of radiation. In other words, radiochromic gel is a transparent dosimeter and ionizing radiations lead to changes in color (optical density). The calibration curve shows that the changes in optical density are linear with respect to the absorbed radiation doses (6) . Therefore, finding a way to measure the optical density changes or light absorption at each point of the dosimeter would depict the dose distribution of the ionizing radiations. One of the sources that could produce the wavelength of 633 nm is LED. For the explained reasons, LED was chosen as the light source. Overall, the main concept of optical computed tomography is just as X-ray computed tomography (CT), but it uses visible light such as LED instead of X-ray. Therefore, by recording the images from various directions and reconstructing the projections by applying the similar methods used for image processing of CT images, the final image is created. Then by assigning the percentage of absorbed doses which are obtained by calibration curve, the dose map could be found.
Each of the mentioned accessories in designing novel OCT has a significant role in the accuracy of the results that are obtained. The existence of lens after LED converts the point light of LED to a broad and diffused band. Therefore, we can make sure that all parts of the sample (radiochromic gel) are exposed to the light emitting from LED. Matching liquid prevents the lensing and light collecting effect of radiochromic gel. Optical flat glass (aquarium) prevents refraction of the light emitting from LED. The secondary lens collects all attenuated light passing through the sample.
The accuracy test done in this study revealed that the results obtained by radiochromic gel -novel OCT could be reliable by almost ± 3% deviations (Tables 2 and 3) .
Although the literature studied about the characteristics of radiochromic gel demonstrate that the dose diffusion or fading of this dosimeter is not significant, all measurements were done two days after irradiation.
To sum up, the results of this study confirmed that the Radon transform algorithm could not only be used for reconstructing CT images, but also applied for imaging the dose map of ionizing radiation obtained by OCT. In addition, the radiochromic gel and the novel OCT machine could be a proper set as dosimeter and read-out system for evaluating and measuring the spatial and also quantifiable dose distribution.
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